Complex regional pain syndrome (CRPS) is a chronic pain disorder. Although its pathophysiology is not completely understood, neurogenic inflammation is thought to play a significant role. Microglia and astrocytes are activated following tissue injury or inflammation and have been reported to be both necessary and sufficient for enhanced nociception. Blood-borne monocytes/ macrophages can infiltrate the central nervous system (CNS) and differentiate into microglia resulting in hypersensitivity and chronic pain. The primary aim of this study was to evaluate the proportion of the proinflammatory CD14 + CD16 + monocytes as well as plasma cytokine levels in blood from CRPS patients compared to age-and gender-matched healthy control individuals. + CD16 + monocytes became elevated prior to or after developing CRPS. In either case, the elevation of blood proinflammatoty monocytes prior to the initiating event may predispose individuals for developing the syndrome whereas the elevation of blood proinflammatory monocytes following the development of CRPS may be relevant for its maintenance. Further evaluation of the role the immune system plays in the pathogenesis of CRPS may aid in elucidating disease mechanisms as well as the development of novel therapies for its treatment.
Introduction
Complex regional pain syndrome (CRPS) is a severe chronic pain disorder that often follows an injury to peripheral nerves [1, 2] . CRPS demonstrates a 3:1 female to male preponderance and is characterized by pain that is out of proportion to the initial injury and does not respect a nerve or root distribution [3, 4] . The signs and symptoms of CRPS cluster into four categories: (1) abnormalities in pain processing; (2) skin colour and temperature changes; (3) sudomotor abnormalities and oedema; and (4) motor dysfunction and trophic changes [5, 6] .
Although the pathophysiology of CRPS is not completely understood, there is evidence demonstrating that neurogenic inflammation plays a significant role [7, 8] . Furthermore, neuroinflammation and neuroimmune activation have been shown to act in concert in persistent pain states [9] . Following injury, mast cells, neutrophils and macrophages are recruited to the involved area and can invade the nerve through a disrupted blood-nerve barrier [10, 11] . These cells produce a variety of proinflammatory cytokines that have been implicated in the generation of neuropathic pain either by direct sensitization of nociceptors or indirectly by stimulating the release of agents that act on neurones and glia [12, 13] .
Glia, in particular microglia and astrocytes, are the immunocompetent cells in the central nervous system (CNS) which become activated following tissue injury or inflammation [14] . Activated glia have been shown to be both necessary and sufficient for enhanced nociception [13] . Specifically, microglia activation is one of the most common and earliest features of most neuroinflammatory disorders [15, 16] and CNS pathologies [17] [18] [19] . We have reported increased activation of astrocytes and microglia in spinal cord tissue of a CRPS patient when compared to control tissue [20] .
In man, CNS microglia is thought to arise during gestation from mesodermal/mesenchymal sources [21] . Normally, CNS microglia can replenish with little or no need of repopulation from circulating bone marrow-derived progenitors [21] . However, in disease conditions, blood-derived monocytes/macrophages are recruited into the CNS and differentiate into microglia [22, 23] . A recent study demonstrated that, following nerve injury, blood monocytes/ macrophages infiltrate the CNS and differentiate into functional microglia at the involved segmental spinal level, resulting in hypersensitivity and chronic pain [24] .
Human peripheral blood monocytes can be subdivided into two subgroups based on their expression of cell surface markers: one expressing CD14, but not CD16 (CD14 + CD16 -) and the other expressing both CD14 and CD16 (CD14 [25] . Both subgroups produce similar levels of proinflammatory cytokines. However, CD14
+

CD16
+ monocytes produce much lower levels of the anti-inflammatory cytokine interleukin (IL)-10, suggesting that these cells constitute a proinflammatory subtype [26] . Increased proportions of the CD14 +
+ subgroup have been described in disease states including sepsis, acquired immunodeficiency disease syndrome, rheumatoid arthritis, systemic lupus erythematosus and active sarcoidosis [25, [27] [28] [29] [30] .
The primary aim of this study was to evaluate the proportion of proinflammatory CD14 +
+ monocytes as well as the levels of several plasma cytokines in blood from patients afflicted with CRPS compared to age-and gender-matched healthy control individuals.
Materials and methods
Subjects inclusion and exclusion criteria
All subjects were enrolled after giving informed consent as approved by the Drexel University College of Medicine Institutional Review Board (IRB).
CRPS patients were recruited from the pain clinic of Drexel University School of Medicine and fulfilled the International Association for the Study of Pain (IASP) diagnostic criteria for CRPS [31] . Healthy control subjects were recruited from the general public. The exclusion criteria for all subjects included: pregnancy, recent infection, lupus erythematosus, HIV/AIDS, rheumatoid arthritis, recent extracorporeal circulation (haemodialysis, bypass surgery, plasmapheresis), bone marrow transplant, immunosuppressive therapy, blood disorders (anaemia, leukaemia), thymectomy or sarcoidosis.
Patient evaluation
All CRPS patients received a complete neurological examination and pain evaluation. Overall pain levels were determined on a 0-10 numerical rating scale (NRS) (0 = no pain, 10 = worst possible pain). All CRPS patients were evaluated and blood samples obtained while taking their current medications. Medical history and self-reported values for height and weight were obtained from normal healthy control subjects.
Thermal detection and thermal pain thresholds
Thermal detection thresholds were determined using the TSA-II NeuroSensory Analyzer (Medoc Advanced Medical Systems US, Minneapolis, MN, USA). The device consists of a computer-controlled thermoelectric probe with a surface area of 9 cm 2 that is attached using a Velcro strap to the area of skin to be tested (thenar eminence in the hands and the dorsal foot). For each trial the thermal stimulator starts at a thermoneutral baseline temperature of 32°C, and increases for warming thresholds, or decreases for cooling thresholds, linearly at a rate of 1°C per second, until the subject pushes a button that stops and records the temperature and returns the unit to the baseline temperature. Three trials are averaged for cool and warm detection thresholds for each site tested.
Thermal pain thresholds were determined at the same sites and using the same method described above for thermal detection thresholds. The only difference was that for thermal pain trials, the subject was instructed to push the control button (which immediately resets the stimulator back to baseline temperature) when the thermal stimulus (cold or hot) becomes painful. The TSA-II hardware automatically resets if the temperature reaches -10°C (for cooling) or 50°C (for heating) and the control button has not been pushed. This temperature range has been determined to not cause damage to skin or underlying tissue. Normative values for thermal detection and pain thresholds were obtained from published studies [32, 33] .
Blood sampling and isolation of peripheral blood mononuclear cells
Venous blood samples were collected into ethylenediamine tetraacetic acid (EDTA)-coated vacutainers between 08:00 h and 12:00 h. Following centrifugation, the buffy coat was resuspended in RPMI-1640 (Mediatech Inc, Manassas, VA, USA) and layered onto Histopaque-1077 (Sigma-Aldrich, St Louis, MO, USA) for separation of peripheral blood mononuclear cells (PBMCs) by gradient centrifugation. The plasma was split into 0·25-ml aliquots and stored at -70°C for cytokine level determination. 
Determination of PBMC subpopulations
Plasma cytokine determination
Plasma levels of the following interleukins IL-1b, IL-6, IL-8, IL-10 and tumour necrosis factor (TNF)-a were determined using the Milliplex™ MAP high sensitivity human cytokine kit with sensitivities of (0·06, 0·10, 0·11, 0·15 and 0·05 pg/ ml), respectively (Millipore Corp. Billerica, MA, USA). The plates were read on a Luminex-200 fluorescent analytical test instrument (Luminex Corp., Austin, TX, USA). All assays were performed in duplicate according to the manufacturers' instructions.
Statistics
For parametric variables, statistical significance between groups was determined by t-test or analysis of variance (anova) using the Tukey-Kramer post-hoc multiple comparison test. The Kruskall-Wallis test was used to compare gender differences between groups. Correlations between parameters were determined using Pearson's correlation. For non-parametric variables, correlations were determined by Spearman's rho. The data was considered significantly different if P < 0·05. Calculations were accomplished with the aid of statistical data analysis software (spss version 17; SPSS Inc., Chicago, IL, USA).
Results
Subject demographics
A total of 46 subjects (25 CRPS, 21 controls) were recruited for this study. The number of subjects in each group, their age, gender, body mass index (BMI), as well as the duration of disease and NRS pain score for the CRPS group are tabulated in Table 1 . There were no significant differences in age, gender or BMI (P > 0·05) between the CRPS and control groups. For the CRPS subjects, the location of the initial injury, most prominent signs and symptoms, their overall pain score, the medications they were taking at the time the blood was sampled and other conditions with which the subjects were afflicted are listed in Appendix I.
Quantitative thermal testing
Eighteen of the 25 CRPS subjects had quantitative thermal tests performed as part of their clinical evaluation. None of the subjects demonstrated low thresholds (hypersensitivity) to cold or warm stimuli. The majority (10 of 18) had cold and heat thresholds within the normal range. Some patients (eight of 18) demonstrated elevated (hyposensitivity) threshold to cold (seven of 18), heat (five of 18) or both (four 
The patient groups, the number of patients (n) in each group, their average age in years, gender ratio (males/females), body mass index (BMI), average disease duration (years between initiating event and blood draw) and mean numerical rating scale (NRS) overall pain score for the complex regional pain syndrome (CRPS) patients (0 = no pain, 10 = worst possible pain). Average values are listed Ϯ the standard error of the mean. n.a., not applicable. of 18). Approximately three-quarters of the CRPS patients (13 of 18) demonstrated thermal allodynia. All 13 patients showed cold allodynia, whereas five also demonstrated heat hyperalgesia. None of the patients demonstrated heat hyperalgesia in the absence of cold allodynia.
Percentage of PBMCs subsets
The percentage of PBMCs based on their surface markers are tabulated in Table 2 . There were no significant differences (P > 0·05) in the percentage of T helper cells (CD4
between the CRPS and control groups. The CRPS group demonstrated increased CD4/CD8 ratios, but the increase was not statistically significant (P = 0·214).
Percentage of CD14 + CD16 + monocytes in CRPS patients
The CRPS patients demonstrated a significantly (P < 0·01) higher frequency of CD14 +
CD16
+ monocytes compared to controls ( Table 2 , Fig. 1 ). There was no correlation between increased number of CD14 +
+ monocytes in the CRPS group and the patients' overall pain level (r = 0·146, P = 0·487) or duration of disease (r = 0·040, P = 0·848). However, there was a correlation between increased numbers of CD14 +
+ monocytes in CRPS patients demonstrating cold allodynia. CRPS patients demonstrating cold allodynia showed a significant (P < 0·01) increase in the frequency of CD14 +
+ monocytes compared to controls. The percentage of CD14 +
+ monocytes in CRPS patients without cold allodynia was higher than controls and less than the CRPS group with cold allodynia, but not significantly (P > 0·05) different from either group (Fig. 2) . Both CRPS and healthy control subjects showed a trend towards an increased percentage of CD14 +
+ monocytes with increased BMI. However, the correlation was not statistically significant (r = 0·231, P = 0·126).
Plasma cytokine levels
Plasma cytokine levels are tabulated in Table 3 . There was a trend for increased levels of the proinflammatory cytokines (IL-6, IL-8, TNF-a) and a decrease of the anti-inflammatory cytokine IL-10 in the CRPS subjects compared to the controls. However, none of the changes reached statistical significance (P > 0·05).
Not all CRPS patients demonstrated an increased percentage of CD14 
CD16
+ compared to those with low levels. There was no difference in any of the other cytokines between these two groups (Table 4) .
Correlations between CD14
+ CD16 + monocytes and medications or other medical conditions reported by the subjects Except for antidepressants, there was no correlation (rho < 0·29, P > 0·16) between the percentage of CD14 +
CD16
+ monocytes in CRPS patients and the medications the subjects were taking. CRPS patients taking antidepressants demonstrated a statistically significant correlation 
The percentage of peripheral blood mononuclear cells expressing each cell surface marker. CD4/CD8 is the ratio of CD4 + to CD8 + cells. All values are given in percentage Ϯ the standard error of the mean. *P < 0·01. CRPS, complex regional pain syndrome. 
+ monocytes (rho < 0·27, P > 0·19).
Discussion
Our study is the first to evaluate the percentage of blood monocytes in CRPS patients. Although the percentage of total monocytes (CD14 + peripheral blood mononuclear cells) remained unchanged in CRPS, the percentage of the CD14 + CD16 + monocyte subgroup was elevated significantly (P < 0·01) in individuals afflicted with CRPS compared to healthy controls. Previous studies have determined that these cells represent a potent antigen-presenting and proinflammatory subpopulation of monocytes [28] that has been shown to be expanded in inflammatory conditions [34] .
Although there was no correlation between the increased number of CD14 +
CD16
+ monocytes in the CRPS group and the patients' overall pain level, there was a correlation between increased numbers of CD14 +
+ monocytes in CRPS patients demonstrating cold allodynia. This finding suggests that the increased percentage of CD14 + CD16 + monocytes may be associated with central sensitization.
As reported previously, there was no difference in plasma levels of TNF-a, IL-10, IL-8, IL-6 and IL-1b between CRPS patients and controls [35, 36] . However, individuals with high levels of CD14 +
+ monocytes demonstrated a significantly lower (P < 0·05) plasma level of IL-10 compared to individuals with low levels of CD14
. This is consistent with a study showing that CD14 +
+ monocytes produce similar levels of the proinflammatory cytokines TNF-a, IL-6 and IL-1b and lower levels of the antiinflammatory cytokine IL-10 [26] .
This study also showed that the percentage of lymphocytes (T helper cells, T cytotoxic cells, NK cells or B cells) did not differ between CRPS patients and healthy control individuals. These results are in agreement with the study of Ribbers and colleagues that reported no association between lymphocyte subpopulations and patients with reflex sympathetic dystrophy (currently referred to as CRPS-type 1) [37] . A subsequent study by Kaufmann and colleagues also found no changes in the percentage of T cytotoxic cells, NK cells and B cells in CRPS patients [38] . However, they reported a reduction of T helper cells (CD8 + lymphocytes) as well as an increase in the CD4/CD8 ratio [38] in CRPS patients compared to healthy controls. Although our study also found a small reduction of CD8 + lymphocytes and an increase in the CRPS patients demonstrating cold allodynia showed a significant (**P < 0·01) increase in the frequency of CD14 + CD16 + monocytes compared to controls. The percentage of CD14 + CD16 + monocytes in CRPS patients without cold allodynia was higher than controls and less than the CRPS group with cold allodynia, but not significantly (P > 0·05) different from either group. Table 3 . Plasma cytokine levels.
The plasma levels of selected cytokines in complex regional pain syndrome (CRPS) patients and healthy control subjects. All values are given in pg/ml Ϯ the standard error of the mean. IL, interleukin; TNF, tumour necrosis factor. 
The plasma levels of selected cytokines in individuals with high and low percentages of CD14 + CD16 + monocytes. All values are given in pg/ml Ϯ the standard error of the mean. *P < 0·05. IL, interleukin; TNF, tumour necrosis factor.
CD4/CD8 ratio, these changes were not statistically significant (P > 0·05 
+ monocytes [39] [40] [41] .
Morbidly obese individuals have been reported to show elevated levels of the CD14 +
+ monocyte subset [39] . The percentage of obese individuals (BMI > 30) in both the CRPS and control groups was approximately 20%. Obese subjects demonstrated a higher percentage of CD14 + CD16 + monocytes than non-obese (10·9% versus 8·7% in controls) and (20·1% versus 15·8% in CRPS). Even though there was no significant difference in BMI (P > 0·05) between the CRPS and control groups in this study, the percentage of CRPS patients in our pain clinic who are either overweight or obese is higher than the general population [42] .
Sleep has been shown to decrease the number of CD14 +
+ monocytes [40] , and although acute exercise causes a transient increase in CD14 +
+ monocytes [43, 44] , individuals who are physically inactive demonstrate a significantly higher percentage of CD14 +
+ monocytes compared to those who are physically active [41] . Sleeping difficulties and physical inactivity are reported commonly by individuals afflicted with CRPS [4, 45] .
In addition, we showed that CRPS patients taking antidepressants demonstrated a positive correlation with elevation of CD14 +
+ monocytes. Even though other studies have shown that the expression of CD14 and CD16 in monocytes is unchanged in patients with depression compared to normal individuals [46] , we cannot rule out that depression or antidepressant use are contributory factors to the increase in CD14
+
CD16
+ monocytes shown by patients with CRPS. Thus, obesity, sleeping difficulties, physical inactivity and possibly depression may be contributory factors leading to the increase in the percentage of CD14 +
+ monocytes seen in patients with CRPS.
Following injury, many individuals develop the signs and symptoms of CRPS (swelling, redness, allodynia, hyperalgesia, etc.); however, in most patients, normal healing occurs and these signs and symptoms resolve. The process by which a subject fails to undergo normal healing following an injury and progresses to a chronic pain condition as well as the process by which the pain is maintained with little or no chance of resolving are some of the most important and perplexing questions in CRPS research.
The following observations make our finding of elevated CD14 +
+ proinflammatory monocytes in patients with CRPS relevant to both the initiation and the maintenance of the disease: (1) the activation of microglia and astrocytes has been shown to be both necessary and sufficient for enhanced nociception [13] and (2) blood-borne monocytes/ macrophages infiltrate the CNS and differentiate into fully functional microglia [24] . Our data cannot determine whether CD14 +
+ monocytes were elevated in the study subjects prior to developing CRPS or became elevated afterwards. In either case, independent of causative mechanism, the elevation of blood proinflammatory monocytes prior to the initiating event may predispose individuals for developing the syndrome, whereas the elevation of blood proinflammatory monocytes following the development of CRPS may be relevant for its maintenance.
The strengths of this study are: (1) that all patients met strictly defined IASP criteria for CRPS and (2) all patients were diagnosed and examined by the same senior clinician. The major limitations of this study are: (1) its small size and (2) neither the control or CRPS groups were evaluated with a standardized depression scale or evaluated with regard to their activity level or sleep. The facts that the pain observed in patients with CRPS can result from multiple mechanisms and that patients with CRPS do not respond equally to the same medications may be due in part to its evolution in time, but it also suggests that CRPS may result from multiple aetiologies. The results of this study demonstrating that a subset of CRPS patients show elevated numbers of the CD14 +
+ monocyte subgroup may aid in elucidating some of the different mechanisms involved in its pathophysiology. A better understanding of these mechanisms may lead to novel treatments for this very severe, life-altering condition.
Conclusions
This study has demonstrated an increase in the percentage of the CD14 +
CD16
+ monocyte subgroup in individuals afflicted with CRPS. In addition, other investigators have reported mast cell involvement [47] , leucocyte accumulation in the affected extremity [48] and impaired neutrophil function [49] in patients with CRPS. Thus, further evaluation of the role the immune system plays in the pathogenesis of CRPS is warranted, and may aid in elucidating disease mechanisms as well as the development of novel therapies for its treatment. 
